Introduction
Immunization is one of the safest and most cost-effective public health interventions for prevent deaths and improving quality of life, especially in populations with greater social vulnerability like those in situations of poverty 1 . Immunization makes an important contribution to achieving one of the Millennium Development Goals, namely the reduction in infant mortality, since unvaccinated children are susceptible to greater childhood morbidity and mortality 2 .
In Brazil, access to vaccines is free through the National Immunization Program (PNI) 3 , which sets the criteria for immunization coverage for the vaccines in the National Childhood Immunization Schedule, namely 90% for BCG (bacillus Calmette-Guérin) and human rotavirus vaccines; 95% for hepatitis B and polio, tetravalent (adsorbed diphtheria, tetanus, pertussis and Haemophilus influenzae b), meningococcal C, 10-valent pneumococcal, triple viral (measles, mumps, rubella) vaccines; and 100% for yellow fever vaccine 4 . Monitoring immunization coverage is important to verify whether these parameters are being reached 3 .
The large and self-sustainable increase in the number of vaccines incorporated by PNI in the last decade 3 was made possible by the fact that immunization is one of the most cost-effective public health measures 2 .
Estimates from an immunization survey conducted in Brazil's 26 state capitals and Federal District from August 2007 to May 2008 in children 18 to 30 months of age showed the following percentages of coverage for vaccines from the National Childhood Immunization Schedule in 2006: BCG (97%), polio (96%), DTP (diphtheria, tetanus, and pertussis) (94%), hepatitis B (91%), and triple viral (measles, mumps, rubella) (91%), indicating that only the first two reached the targets recommended by the Brazilian Ministry of Health 5 and that 17.4% of children failed to receive all the vaccines recommended up to 18 months of age. The survey estimated 28.3% incomplete childhood immunization in São Luís, Maranhão State 6 , a similar percentage to that found in a household survey in the same city (28.1%) in 2006 7 .
Studies have suggested demographic and socioeconomic factors associated with higher percentages of incomplete childhood immunization, including: male gender 7 , child's higher birth order 6, 8 , mother's work away from home 9 , low maternal schooling 8, 9 , children of adolescent mothers 8 , female heads of families 9 , mother's black skin color 9 , head-of-family's black skin color 7 , and poorer economic classes 1, 7 . However, other authors differ as to socioeconomic status by identifying higher percentages of incomplete immunization in children from wealthier economic strata 5, 6 .
The introduction of the meningococcal C and 10-valent pneumococcal vaccines in 2010 in the National Childhood Immunization Schedule for the first year of life led to the need to estimate percentages of incomplete immunization as well as to analyze factors associated with incomplete coverage with recently introduced vaccines. As far as we know this is the first study to assess incomplete coverage of new vaccines introduced in childhood immunization in Brazil.
We thus propose to estimate percentages of incomplete coverage of vaccines in the National Childhood Immunization Schedule for the first year of life and associated factors, both for the immunization schedule for new vaccines and the immunization schedule for old vaccines in children 13 to 35 months of age. The model includes socioeconomic and demographic factors, extensively explored in the literature, as well as factors that have received less attention, such as behavioral characteristics (smoking, alcohol consumption, and planning of pregnancy) and maternal reproductive characteristics (preterm birth and/or low birth weight and pregnancy in the first year after the index child's birth), and use of prenatal health services (trimester of first prenatal visit, number of visits, and health service used), and child's health (unavailability of outpatient care, hospital care, and vaccines).
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Methods

Study design
The study consists of a prospective cohort (BRISA -Brazilian Birth Cohorts Study in Ribeirão Preto and São Luís), conducted in the two cities at two time points: birth and follow-up in the second year of life 10 . The current study used the data from the city of São Luís, for the two moments.
Study population and sample
In São Luís, the BRISA birth cohort consisted of a probabilistic sample of children and their mothers, who had given birth in 2010 in 10 different public and private hospitals with more than 100 deliveries per year each, which accounted for 94.7% of the births that year 10 .
The sample selection was systematic and stratified proportionally according to the number of deliveries per hospital. A casual initial sample of one to three was picked for each hospital, and only newborn infants of families residing in the municipality were eligible 10 .
A total of 7,133 births were selected, of which 5,475 were eligible, since the families lived in the municipality of São Luís. Of these, 5,236 interviews were conducted, with 239 losses (4.4%) due to refusals and early hospital discharge. The number of live born children whose mothers were interviewed was 5,166, of whom 3,308 returned for follow-up in the second year of life, while 1,858 (36%) failed to return due to refusals, failure to appear, or failure to locate the mothers 10 ( Figure 1 ).
The study excluded 232 children (7%) whose mothers failed to present the Child's Health Card, resulting in a final sample of 3,076 children 13 to 35 months of age ( Figure 1 ).
For the current study, we estimated that a minimum sample of 3,030 children would have 90% power to identify significant prevalence ratios of 1.2 or greater for factors associated with incomplete immunization, with a 1:1 ratio between exposed and unexposed, considering 39% expected prevalence of incomplete immunization 1, 5, 6, 7, 8, 9 , minimum 6% difference between prevalence rates, and 5% likelihood of type I error.
Data collection instrument and procedures
Data were collected at two moments: (1) Birth -data were collected daily in the maternity wards or hospitals from January to December 2010 through interviews with the mothers in the first 48 hours postpartum, and the information was complemented from the mothers' and children's patient charts; (2) Follow-up in the second year of life -data were collected from January 2011 to March 2013. All the mothers were invited by telephone contact or home visit to return for the follow-up. Information on immunization was obtained directly from the children's health cards.
Variables
The hierarchical analytical model was based on a theoretical model of the factors associated with incomplete childhood immunization 1, 5, 6, 7, 8, 9, 11 , considering the hierarchical relationship between the variables associated with incomplete immunization (Figure 2 ) 1,6,7 .
• Dependent variables
The outcome variables were the immunization schedule for new vaccines and the immunization schedule for old vaccines, both categorized as complete or incomplete.
The new vaccines variable was obtained from the two vaccines incorporated in 2010 into the National Childhood Immunization Schedule. Only the complete schedule qualified, as recommended by the National Immunization Program: two doses of the meningococcal C vaccine and three doses of the 10-valent pneumococcal vaccine 12 . Incomplete immunization with new vaccines was defined as failure to receive the recommended number of doses for at least one of the two vaccines.
Figure 1
Sampling flowchart for BRISA birth cohort, at birth and at follow-up in the second year of life. São Luís, Maranhão State, Brazil, 2010-2013.
The old vaccines variable was obtained from the seven vaccines that were already part of the Ministry of Health's National Childhood Immunization Schedule in 2010. The recommended immunization schedule for each vaccine was categorized as complete or incomplete. Complete was defined as: one dose for BCG, three for hepatitis B, two for human rotavirus, three for polio, three for tetravalent (adsorbed diphtheria, tetanus, pertussis, Haemophilus influenzae b), one for yellow fever, and one for triple viral (measles, mumps, rubella) 12 . Incomplete immunization with old vaccines was defined as failure to receive the recommended number of doses of at least one of the seven vaccines.
• Independent variables
The independent variables were organized in three hierarchical levels.
(1) Distal level -consisting of socioeconomic and demographic variables from the birth questionnaire: mother's age in years (adult: > 19 versus adolescent: ≤ 19); mother's self-reported skin color (white, brown, or black); family's economic class according to the criteria of the Brazilian Market Research Association -ABEP (A/B, C, or D/E) 13 ; head of household (interviewee's male partner/ spouse, interviewee's mother/father, interviewee herself, other); maternal schooling in years (≤ 4, 5-8, (2) Intermediate level -consisting of maternal behavioral and reproductive characteristics from the birth questionnaire: conjugal status (married, common-law marriage, without partner); planned pregnancy (yes or no), low birth weight and/or preterm birth (yes or no). Preterm birth was defined as birth at gestational age less than 37 weeks, and low birth weight was defined as < 2,500g. Gestational age (GA) was based on date of last menstrual (DLMP) reported by the mother. Day 15 was used when the exact date was unknown but the month of last menstrual period was known. Birth weights considered inconsistent with GA were recoded as unknown. Cases of implausible GA (less than 20 weeks or more than 43 weeks) were also reclassified as unknown 10 . The intermediate level also included variables from the follow-up questionnaire: maternal smoking (does not smoke versus currently smokes); mother's alcohol consumption (does not drink versus currently drinks); new pregnancy within the first year after the index child's birth (no or yes).
(3) Proximal level -including use of health services (prenatal care, Family Health Strategy (FHS), and pediatric care reported by the mother. The variables used from the birth questionnaire were trimester of first prenatal visit (1st, 2nd, or 3rd); number of prenatal visits (≥ 6; < 6); place of prenatal care (public versus private sector); visit by community health worker (CHW) during pregnancy (yes or no); care in FHS during pregnancy (yes or no). The variables used from the follow-up questionnaire were enrollment in the FHS (yes or no); private health plan for the child (yes or no); use of inpatient, outpatient, or immunization services by the child (yes, no due to lack of vaccine, no for other reasons).
Statistical analysis and data processing
We verified whether there were differences in the percentages of follow-up according to selected variables. Those with statistically significant differences according to the chi-square test (economic class, maternal schooling, number of prenatal visits, and place of prenatal care) were included in a logistic model to predict each child's probability of appearing. Next, the weighting factor was calculated as the inverse of the probability of appearing. Descriptive analyses were performed, with estimates of the absolute and relative frequencies for the independent variables, with the latter weighted, plus prevalence rates of incomplete immunization for the two outcomes (new vaccines and old vaccines) and according to individual vaccine.
Bivariate and multivariate analyses were performed with Poisson regression with robust variance and hierarchical modeling in order to estimate prevalence ratios (PR) between the independent variables and each type of incomplete immunization 14 . Each level of the model included the variables belonging to the respective level that showed p-value less than 0.20 in the bivariate analysis. In the adjusted model, for each level, only the variables with p-value less than 0.05 were kept. For each hierarchical level, we simultaneously introduced only variables from the same level, in addition to those from previous levels that were significant. The estimates for each variable obtained in the model for the respective hierarchical levels were considered. Adjustments were made for the child's age in all the hierarchical levels, since the opportunities for immunization were not the same for all children according to age, since immunization status as of the moment of the interview was used.
The models were weighted by the inverse of the probability of appearing for the follow-up in the second year of life, through a set of svy commands, assigning greater weight to children that were similar to those that failed to appear for follow-up.
Level of significance was set at 5%, with 95% confidence intervals (95%CI). No colinearity was identified between the explanatory variables. Statistical analyses used Stata version 12.0 (StataCorp LP, College Station, USA).
Ethical aspects
The research project was approved by the Institutional Review Board of the University Hospital, Federal University of Maranhão (HUUFMA), case review 223/2009. Mothers that agreed to participate in the study signed the free and informed consent form.
Results
Immunization with new vaccines was more incomplete (51.1%) than with old vaccines (33.2%). The BCG (0.5%) and polio vaccines (4.2%) showed the lowest percentages of incompleteness, while meningococcal C (32.2%) and 10-valent pneumococcal (48.9%) showed the highest (Table 1) .
In the unadjusted analysis, the highest percentages of incompleteness for new vaccines were in children 25 to 35 months of age, belonging to classes D/E, enrolled in the Bolsa Família Program after one year of age, living with one or more siblings in the household, without a private health plan, with difficulty using health services (outpatient and inpatient), and whose mothers had zero to four years of schooling, smoked, lived in common-law marriage or without a partner, had not planned the pregnancy, had become pregnant in the first year after the index child's birth, had begun prenatal care in the third trimester, had fewer than six prenatal visits, had prenatal care in the public healthcare sector, and had not received care from the FHS during pregnancy (Table 2 ).
In the adjusted hierarchical analysis, incompleteness for new vaccines was 1.27 times higher in children 25 to 35 months of age (PR = 1.27; 95%CI: 1.14-1.41) and 1.20 times higher in children from socioeconomic classes D/E (PR = 1.20; 95%CI: 1.06-1.35). Incompleteness increased proportionally to the number of the child's siblings in the household, by 29% for those living with one sibling (PR = 1.29; 95%CI: 1.19-1.40), 33% with two or three siblings (PR = 1.33; 95%CI: 1.24-1.52), and 36% with more than three siblings (PR = 1.36; 95%CI: 1.11-1.67). Incompleteness was also more frequent in children whose mothers were adolescents (PR = 1.15; 95%CI: 1.05-1.27), smoked (PR = 1.22; 95%CI: 1.07-1.40), had not planned the pregnancy (PR = 1.09; 95%CI: 1.00-1.18), had become pregnant in the first year after the index child's birth (PR = 1.16; 95%CI: 1.03-1.29), had begun prenatal care late (3rd trimester) (PR = 1.27; 95%CI: 1.07-1.52), and had had fewer than six prenatal visits (PR = 1.16 95%CI: 1.06-1.25) ( Table 2) .
In the unadjusted analysis, old vaccines showed higher incompleteness in children from socioeconomic classes D/E, that lived with one or more siblings in household, of mothers with zero to four or five to eight years of schooling, and whose mothers smoked, consumed alcohol, or were in common-law marriages or without partners. Children whose mothers had not planned the pregnancy, had become pregnant in the first year after the index child's birth, had begun prenatal care in the second or third trimester, had fewer than six prenatal visits, and had not received a home visit by a community health worker during pregnancy showed higher percentages of incomplete immunization. Higher incompleteness was also seen in children without private health plans, who had difficulty using outpatient and inpatient health services, and that attended health services where there was a shortage of vaccines (Table 3 ).
In the adjusted hierarchical analysis, incompleteness of old vaccines was 26% more frequent in children of adolescent mothers (PR = 1.26; 95%CI: 1.10-1.45), 1.58 times greater when mothers had fewer than five years of schooling (PR = 1.58; 95%CI: 1.21-2.06), and 52% greater in children whose mothers smoked (PR = 1.52; 95%CI: 1.28-1.82). The proportion of incompleteness increased with the number of siblings in the household, by 32% for children living with one sibling (PR = 1.32; 95%CI: 1.17-1.49), 55% for those with two or three siblings (PR = 1.55; 95%CI: 1.34-1.80), and 81% for those with more than three siblings (PR = 1.81; 95%CI: 1.41-2.33). Incompleteness was also greater in children whose mothers had not planned the pregnancy (PR = 1.18; 95%CI: 1.05-1.31), had become pregnant in the first year after the index child's birth (PR = 1.22; 95%CI: 1.04-1.43), had had fewer than six prenatal visits (PR = 1.25; 95%CI: 1.11-1.40), and who had initiated prenatal care in the third trimester (PR = 1.40; 95%CI: 1.06-1.86). Shortage of vaccine in health services was associated with 28% more incomplete immunization (PR = 1.28; 95%CI: 1.12-1.46) and the unavailability of outpatient and/or inpatient care for the child was associated with 20% greater incompleteness (PR = 1.20; 95%CI: 1.04-1.38) ( Table 3) .
Discussion
Incomplete childhood immunization in São Luís was more common for new vaccines (51%) than for old vaccines (33%). This study identified different factors associated with new vaccines and old vaccines: older children and classes D/E were variables associated with more incomplete immunization for new vaccines, while low maternal schooling, unavailability of outpatient and/or inpatient care for children, and unavailability of vaccine in health services were associated with more incomplete immunization with old vaccines. In addition, some factors were associated with incomplete immunization with both new vaccines and old vaccines: living with one or more siblings in the household, children of adolescent mothers, and mothers that smoked, had not planned the pregnancy, had become pregnant in the first year after the index child's birth, had had fewer than six prenatal visits, and had initiated prenatal care in the third trimester.
Cad. Saúde Pública 2018; 34(3):e00041717 The study's limitations include lack of information on the dates when the vaccine doses were administered, thus preventing analyses of valid and/or on-schedule doses. The study only used the criterion of number of doses administered, without analyzing the respective dates 3 . Sampling losses were weighted by the inverse of the probability of appearing at the follow-up in the second year of life, and this probability was estimated from the variables associated with follow-up, seeking to reduce the selection bias and increase the findings' external validity.
Meanwhile, the study's strengths include the prospective longitudinal design, random sampling of births of children of mothers residing in São Luís in 2010, and the large sample size, which tends to increase the estimates' precision. Probabilistic sampling was used to reduce selection bias, and information on immunization was obtained from the child's health card, which can reduce possible measurement bias. We opted for Poisson regression with robust adjustment of variance due to the high prevalence of both outcomes, which could lead to overestimating the risk 14 . A hierarchical approach was used to facilitate interpretation of the observed associations 15 and minimize confounding. Associations with immunization were investigated that have received little attention in the literature, like some maternal behavioral characteristics (smoking and planning of pregnancy) and maternal reproductive characteristics (pregnancy in the first year after the index child's birth); and use of prenatal health services (fewer than six prenatal visits and first prenatal visit in the third trimester) and the child's health (unavailability of outpatient and/or inpatient care for the child and unavailability of vaccine in the health services). One characteristic not found in other studies is the evaluation of incomplete immunization with vaccines recently incorporated into the childhood immunization schedule.
Higher incompleteness rates were found with the meningococcal C and 10-valent pneumococcal vaccines, which were only incorporated into childhood immunization in Brazil in 2010 12 . This could be related to various factors, such as: discontinuity in the supply of these new vaccines 3 , delay in training the health professionals, and lack of indication of these new vaccines by health professionals, due to lack of awareness of them 16 . In addition, since the new vaccines are injectable, some parents may have resisted vaccinating their children, especially with the 10-valent pneumococcal vaccine, because it was scheduled in such a way that the third dose coincided with two other injectable vaccines 12 . Parents' lack of awareness of these new vaccines may also have compromised the demand for and adherence to them. Parents may fail to vaccinate their children out of fear of multiple injections 17 and adverse reactions 18 . The BCG and polio vaccines showed lower estimated incompleteness rates 6, 7, 19, 20 . BCG is administered in a single dose to the newborn while still in-hospital. The oral polio vaccine was administered in the first year,3 which facilitated adherence, and this vaccine is also promoted in annual vaccination drives during which children have their immunization updated 5 .
Prior to the current study, population-based studies in São Luís that obtained information from the child's health card showed different incompleteness rates for old vaccines, which were highest in the year 1994 (47.3%) 19 , decreasing in 2006 (28.1%) 7 , 2007 (28.3%) 5 , and in the current study. This reduction may have been due to the FHS, implemented in São Luís in 1996, and the Bolsa Família Program, created in 2003, since both may have helped improve childhood immunization coverage 20, 21 .
Compared to other studies in Brazil, the current study showed higher incompleteness with old vaccines (33%) 6, 7 . An immunization survey in 26 state capitals and the Federal District in 2007 showed far lower incompleteness estimates at 18 months of age in Teresina, Piauí State (5%), Cuiabá, Mato Grosso State (6%), Brasília (6%), and Curitiba, Paraná State (2%), and higher in Recife, Pernambuco State (41%) and Macapá, Amapá State (38%) 5 . International studies have also reported lower incompleteness, as in Australia (6%), in children up to twelve months of age 22 , as well as in less developed countries like Mozambique (28.3%) 23 and Kenya (23.3%) 24 , in children under two years. Low immunization coverages can lead to an accumulation of susceptible individuals and greater risk of spread of vaccine-preventable diseases 2 .
Among the factors associated with incomplete immunization specifically with new vaccines, the study showed higher incompleteness in children from classes economic D and E. This may be explained by the "inverse equity hypothesis" proposed by Victora et al. 25 , according to which a new public health intervention initially favors the wealthier and only later reaches the poorer population. It may also be due to the greater likelihood of health services' use by the more privileged socioeconomic classes 26 , which could favor referring children for immunization. Since mothers from
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Incomplete immunization with new vaccines alone was also identified with the 25 to 35 month age bracket, which suggests difficulty for the children to receive these vaccines during their implementation phase, when the 10-valent pneumococcal and meningococcal C vaccines were only made available to children up to 24 months of age, and after 12 months the child only received one dose of them 3 .
For factors associated with incomplete immunization with old vaccines only, children of mothers with low schooling (0 to 4 years) tend to have lower immunization coverage. Silva et al. 19 found this in São Luís in 1994. Nearly two decades later, this barrier has still not been overcome. Other studies have shown the same result 8, 9 .
Among the factors that have received less attention and are associated with incomplete immunization with old vaccines only, we identified the mother's difficulty in obtaining outpatient and inpatient care for the child, since difficulty in using healthcare services can lead to missed opportunities for immunization, and this can jeopardize compliance with the childhood immunization schedule 27 . These same variables were not associated with new vaccines, probably due to health professionals' unawareness of these vaccines.
Another factor that has received little attention and that was only associated with incompleteness with old vaccines was the lack of vaccine in immunization services. Shortages and discontinuity in immunization services can also mean missed opportunities for immunization 3 . The lack of association with new vaccines may also have resulted from mothers' initial unawareness of these vaccines, resulting in not appearing at health services to obtain these vaccines for their children.
As for factors associated with incomplete immunization with both new vaccines and old vaccines, lower immunization was observed in children of adolescent mothers, corroborating other studies 8, 28 . Teenage pregnancy can be unfavorable to the children's health 29, 30 , given the mother's emotional immaturity 31 and lack of experience in caring for the child 32 .
This study suggests that the more the children living with the mother, the higher the likelihood of the child's incomplete immunization for both outcomes, old and new vaccines. Barata et al. 6 in Brazil and international studies 8, 9, 28 have reported similar findings. A mother with many children is likely to have less available time and more difficulty in appearing at the health unit, or may not have anyone to leave the other children with to take the child for vaccination.
Among the maternal characteristics, one that has received less attention in studies is smoking, which in this study was associated with incompleteness with both old vaccines and new vaccines. Mother's smoking may indicate insufficient self-care, and this behavior may be reflected in less care for the child, including incomplete immunization. Self-care is revealed in activities that individuals perform consciously, voluntarily, and intentionally in their own benefit with the purpose of maintaining life, health, and well-being 33 , and the same is true for immunization and the child's health.
Another aspect with little attention in studies is children born of unplanned pregnancies, who showed higher incompleteness rates for both old vaccines and new vaccines. Some mothers may have difficulty in accepting and coping with an unplanned pregnancy, which could be reflected in less care for the child's health 34 , including immunization.
A new pregnancy soon after the index child's birth, another characteristic that has received little attention in other studies, was also associated with higher percentages of incomplete immunization with both old and new vaccines. After the birth of a new child, the mother has to meet all the demands from the prenatal care, plus caring for two children under three years of age, which demands more time. Studies have already shown that the more siblings a child has, the less likely the child is to be completely immunized 1 .
Another aspect associated with higher percentages of incomplete immunization with old and new vaccines was the mother initiating prenatal care in the third trimester or having fewer than six prenatal visits. These findings may result from the fact that pregnant women who have adequate prenatal care are more likely to be more concerned about their health and thus show greater adherence to health services, including their children's immunization.
In order to promote greater protection of children against vaccine-preventable diseases, it is important for immunization strategies to address the vulnerability of older children belonging to Cad. Saúde Pública 2018; 34(3):e00041717 underprivileged socioeconomic classes and that live with more siblings, whose mothers are adolescents, smokers, had not planned the pregnancy, became pregnant in the first year after the child's birth, began prenatal care late in the pregnancy and had fewer than six visits, especially when new vaccines are being introduced in the National Childhood Immunization Schedule, as well as children of mothers with low schooling. Strategies should also focus on the vulnerability resulting from the mother's difficulty in obtaining outpatient and hospital care for the child, as well as the shortage of vaccines in health services. 
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